FlgD is known to be absolutely required for hook assembly, yet it has not been detected in the mature flagellum. We have overproduced and purified FlgD and raised an antibody against it. By using this antibody, we have detected FlgD in substantial amounts in isolated basal bodies fromflgA,flgE,flgH,flgI,flgK, andfliK mutants, in much smaller amounts in those from the wild type andflgL,fli4,fliC,fliD, andfliE mutants, and not at all in those fromflgB,flgD,flgG, andflgj mutants. In terms of the morphological assembly pathway, these results indicate that FlgD is first added to the structure when the rod is completed and is discarded when the hook, having reached its mature length, has the first of the hook-filament junction proteins, FlgK, added to its tip. Immunoelectron microscopy established that FlgD initially is located at the distal end of the rod and eventually is located at the distal end of the hook. Thus, it appears to act as a hook-capping protein to enable assembly of hook protein subunits, much as another flagellar protein, FliD, does for the flagellin subunits of the filament. However, whereas FliD is associated with the filament tip indefinitely, FlgD is only transiently associated with the hook tip; i.e., it acts as a scaffolding protein. When FlgD was added to the culture medium of aflgD mutant, cells gained motility; thus, although the hook cap is normally added endogenously, it can be added exogenously. When culture media were analyzed for the presence of hook protein, it was found only with the flgD mutant and, in smaller amounts, the fliK (polyhook) mutant. Thus, although FlgD is needed for assembly of hook protein, it is not needed for its export.
The bacterial flagellum is a complicated structure composed of the basal body, the hook, and the filament (see, e.g., reference 19) , as well as more labile structures, such as the motor, switch, and export apparatus. Flagella, under the control of the associated sensory apparatus, provide the cell with the ability to move to favorable environments. The flagellar basal body consists of subunits of at least eight different proteins, which form two outer rings (the L and P rings), an inner ring (the MS ring), and the rod (Fig. 1) . The hook and the filament are homopolymers of hook protein and flagellin, respectively. The morphological pathway of flagellar formation is well characterized in both Escherichia coli and Salmonella typhimurium (13, 15, 26, 27) and is coordinated with flagellar gene expression (17) . The flagellum is sequentially constructed from simpler to more complex structures. At the earliest stage, the MS ring complex is formed from subunits of the FliF protein. It is thought that the flagellar switch and the flagellar export apparatus are then added (13, 15) . Basal body assembly continues with formation of the rod and addition of the outer (P and L) rings. After the basal body is completed, the hook is assembled and finally polymerization of the filament, the major external structure and the propeller for the cell, commences and continues indefinitely. Export of rod, hook, and filament subunits is believed to occur via a central channel in the nascent structure (19) .
Most of the genes for the flagellar hook-basal body complex are clustered on the chromosome in flagellar region I (Fig. 2 ).
This region contains the genes for the proximal rod (flgB, flgC, and flgF), the distal rod (flgG), the L ring (figH), the P ring (figl), the hook (figE), and the hook-filament junction proteins (flgK and flgL) (4, 7, 8, 12) . It also contains five other genes: flgN,flgM,flgA,flgD, and flgJ. Except for flgM, which codes for an inhibitor of the flagellum-specific sigma factor, u F (2, 23) , and flgN, which has an unknown function (3), these genes are thought to be related to hook-basal body formation (26, 27) . Assembly is blocked at the stage of hook protein polymerization inflgD mutants and at the stage of outer-ring formation in flgA mutants (15) . Genes for the MS ring and various other earlier stages of flagellar formation are found in region IIIb, which is remote from region I (40 versus 23 min) (19) .
In a swimming cell, the flagella rotate at high speed (on the order of 100 Hz; 18) and are under considerable torsional load (the load being even higher in the laboratory technique known as tethering). The connection between the basal body rod and the hook, and that between the hook and the filament, must therefore be quite strong to avoid breakage. Between (Other components of the flagellum, such as the motor, switch, and export apparatus, have been omitted for clarity.) The basal body consists of an inner MS ring, two outer P and L rings, and a rod (light crosshatching). Attached to the distal end of the rod is the hook (heavy cross-hatching). The stippled boxes between the hook and filament represent zones of the two hook-filament junction proteins; the stippled box at the tip of the filament is the filament cap. FlgD, the subject of this study, is needed for hook assembly but is not located within the filament-hook-basal body complex. The relationship between the flagellum and the layers of the gram-negative cell surface is indicated to the right. lar structure (15) , it seems a plausible candidate for a rod-hook junction protein or hook-capping protein. In flgD mutants, flagellar formation ceases with completion of the basal body (26, 27) ; in other words, no hook assembly occurs. Thus, FlgD in some way enables hook protein subunits to add to the rod and so has been described as a rod modification protein. fig! and flgH mutants, which construct an incomplete basal body lacking one or both outer rings, respectively, also fail to assemble the hook structure, but in this case small amounts of hook protein are found at the distal end of the rod (15, 26) , proving that these mutants are capable of initiating hook polymerization; the barrier to further polymerization appears to be the outer membrane. In fact, when large amounts of hook protein were synthesized from plasmid-encoded flgE, these cells could overcome flgH or flg! mutations and form a hook and a filament (21) . In contrast, flgD mutants have no hook protein on the distal end of the rod (15) and cannot bypass the block in hook assembly, even when large amounts of hook protein are provided (21) .
In (25) . Plasmids pTTQ18 (24) and pET-3 (25) are expression vectors.
Purification of FlgD. Cells of BL21(DE3) containing a pET-3-based plasmid were cultured overnight in medium containing 10 g of tryptone; 5 g of NaCl; 20 ml of a solution containing 0.1 M Na2SO4, 1.2 M NH4H2PO4, 0.4 M Na2HPO4, and 2 M K2HPO4; 2 ml of 2 M glucose; 980 ml of distilled water, and 50 jig of ampicillin ml-. A 250-ml volume of this medium was inoculated with 1.25 ml of the overnight culture and incubated at 37°C with shaking for 2.5 h. Incubation was continued for a further 2 h following addition of 1.5 ml of 100 mM isopropyl-p-D-thiogalactopyranoside (IPTG); (final concentration, 0.6 mM). Cells were harvested, washed, and suspended in 25 (Fig. 3) (Fig. 4A, lane 2) , concentrated, and separated by gel filtration. The 27K protein was almost 100% pure in the peak fractions (Fig. 4A, lane 3) .
The material from the final purification step was separated by SDS-PAGE and transferred to a membrane, and the sequence of the first 20 N-terminal amino acids of the 27K protein was determined. Except for loss of the initial methionine, which presumably had been removed posttranslationally, the sequence was identical to the amino acid sequence deduced from the nucleotide sequence of flgD (16 Within an hour, a few cells had become motile, and within 3 to 5 h, almost all had done so (Fig. 5, right panels) ; the swimming patterns of these cells were indistinguishable from those of wild-type cells. Pooled fractions from the ion-exchange chromatography and gel filtration steps were equally effective in restoring motility. In a control in which no FlgD was added to the medium, flgD mutant cells remained immotile indefinitely (Fig. 5, left panels) .
When the flgD mutant was spotted on motility agar plates containing purified FlgD, it formed swarms. The diameters of the swarms increased in proportion to the amount of FlgD added (Fig. 6, left panels) Localization of FlgD in the hook-basal bo4 performed electron microscopy and immunoele scopy to determine where FlgD is located wi precursor structures (Fig. 8) .
Hook-basal bodies from a flgK mutant, SJV contain FlgD in their flagellar structure (Fig. 7 8C) , consistent with the fact that they retain FlgD (Fig. 7) .
When we prepared hook-basal bodies from a flgL mutant, ifgD mutant. SJW2172, where FlgK is assembled onto the tip of the hook (5) purified FlgD and FlgD is no longer present as a major component (Fig. 7 formed with a plasmid containing flgE to make it easier to detect hook protein in the medium), transferred them to a membrane, and probed them with anti-FigE antibody (Fig. 9,  top) . With anflhDC mutant, which does not make any flagellar proteins, no hook protein was detected-in the medium even though it was being overproduced in the cells, establishing that cell lysis was negligible in these experiments. In the medium of SJW157 (flgD), hook protein was detected in large amounts; the amounts increased with cell culture density (data not shown). Other flgD mutants (SJW156, SJW158 [Fig. 9, bot- tom], SJW197, SJW11767, and SJW12265 [data not shown]) also secreted hook protein into the medium, although the amount varied between alleles. With several of these mutants, the amounts of hook protein secreted as a result of chromosomal expression alone (i.e., in the absence of the figEcontaining plasmid) were sufficient to be detectable (e.g., lane 4 in Fig. 9, bottom) . We conclude that FlgD is not needed for hook protein export.
Under overproducing conditions, small amounts of hook protein were detected in the medium of other strains that do complete the basal body, such as the wild type (visible on the original film but not the final print) and the fliK mutant ( 
DISCUSSION
The process of flagellar assembly is a complex one with many interesting aspects. Several of these concern assembly of the hook. (i) Since this is a structure external to the cell, its component subunits need to be exported. (ii) It is assembled to a defined length. (iii) The process takes place at a defined point in the assembly pathway, after formation of the basal body rod and before that of the filament.
FlgD is a scaffolding protein. It has been known since the pioneering studies of Suzuki and coworkers (26, 27) that the FlgD protein is absolutely required for formation of the flagellar hook, with the rod tip in flgD mutants exhibiting a clean appearance that indicates total failure to initiate hook assembly. The FlgD-dependent event that enables hook protein subunits to attach to the rod has been called rod modification, but the nature of the modification and the specific role of FlgD in the process have been obscure.
As the biochemistry of the flagellum became better understood, it was found that FlgD was not a structural component, at least not of the mature flagellum (15) . If not that of a structural component, what might its role be? Possibilities include export of the hook protein and the actual assembly process itself. This study ruled out the former possibility, since flgD mutants export the hook protein in abundance (Fig. 9) .
Control of assembly is clearly an important feature for the filament, at the tip of which a capping protein called FliD resides and permits new flagellin subunits to assemble rather than be lost to the medium. FliD remains at the tip indefinitely, but this is presumably because filament elongation is a process that goes on indefinitely and is the last event in flagellar assembly. The same is not true of the hook, whose assembly proceeds to a well-defined length and then stops and is superseded by filament assembly. We realized that this might explain why the mature flagellar structure lacks FlgD-perhaps it was being used in the assembly process and then discarded. In the present study, we have established that this is indeed the case. P U PUP c P P P P PP FIG. 9 . Detection of the hook protein, FlgE, in culture supernatants of various strains by SDS-PAGE and immunoblotting with antibody against the hook protein, FlgE. Top, supernatants from mutants defective in the genes shown (see Table 1 for strain numbers) transformed with flgE-containing plasmid pOH647 to make FlgE detection easier. wt, wild type. Bottom, supernatants from theflgD and fliK mutant strains indicated; all carry the prefix SJW (e.g., SJW156), except MY2601. P (plasmid flgE expression), cells transformed with pOH647; C (chromosomal flgE expression), cells transformed with pBR322.
The role of FlgD in flagellar morphogenesis is illustrated in Fig. 10 . FlgD is first incorporated into the nascent structure when the rod has been completed by assembly of its distal portion, made of FlgG subunits. At that stage, FlgD is located at the rod tip. It remains associated with the nascent hook until the latter has reached its mature length, being at that stage located at the hook tip. It seems almost certain (by analogy with the filament cap) that the hook cap resides at the tip throughout the process and that the point of assembly of new hook protein subunits is at the distal end, just under the cap. The next step following completion of the hook is replacement of the hook cap by the first hook-filament junction zone, made of FlgK (5). The process is apparently one of active displacement, since FlgD does not dissociate in the absence of FlgK (Fig. 7) .
Subsequently, FlgL and FliD add to the tip of the growing structure to make the second hook-filament junction zone and filament cap, and finally the filament assembles by insertion of flagellin monomers just under the cap.
The data obtained forfliA mutants at first do not appear to fit in with the above scheme. FliA is a flagellum-specific cu factor (22) for expression of late flagellar genes, including those for hook-filament junction protein FlgK (17) . This suggests that a fliA mutant should behave like a flgK mutant; i.e., the hook cap should be retained and assembly should stop at this point. FlgD was indeed detected, but the amounts were far smaller than with a flgK mutant (Fig. 7) . This result could be explained if the cap was being displaced, inefficiently, as a result of low-level, FliA-independent expression of flgK. This interpretation is consistent with the finding of Homma et al. (9) How can these results be explained? A given mutation defines the most advanced precursor structure that can be synthesized. Less advanced precursors will also be present, however, simply because assembly is still in progress (examples of this sort can be seen in Fig. 8 ). Thus, a fliC mutant has as its most advanced precursor a hook-basal body with FlgD completely displaced and with all three hook-associated proteins present at the tip of the hook; however, a nascent structure could still be in the process of hook assembly, for example, and would still have FlgD at its tip. This provides a simple explanation for the detection of small amounts of FlgD in the hook-basal body preparations from such mutants. In wild-type cells, the process of filament elongation probably represents such a major process that the fraction of organelles still in the preceding stages is very small, and hence only trace amounts of FlgD are detected. fliE mutants represent a more complicated situation. FliE is a basal-body component whose detailed location and function are not known (20) . In studies of isolated precursor structures from mutants, Kubori et al. (15) found that FliE and the four rod proteins (FlgB, FlgC, FlgF, and FlgG) were either all present or all absent; i.e., a defect in any one resulted in failure to detect the others, suggesting that intermediate levels of rod assembly are metastable and that FliE also plays a role in rod stability. They also found that all five proteins were present in precursors from aflgD mutant, indicating that they precede its addition. (They were unable to comment on the presence or absence of FlgD itself in any of the precursors they studied, because the protein had not (14) . FlgD, with 231 amino acids (16) , would be long enough to perform this role and still leave a significant amount of the protein sequence at the tip.
There are two experimental observations that may indicate that the role of FlgD is more complex than we imagine. (i) The polyhooks that are assembled in fliK mutants contain more FlgD than do the normal-length hooks offlgK mutants (Fig. 7) , a result that is not easy to explain if FlgD forms a well-defined cap.
(ii) The N-terminal sequence of FlgD suffices to support assembly of hook protein (16) , suggesting that the C-terminal portion of the molecule has another role, such as length control.
FlgD as a member of the axial family of exported flagellar proteins. The axial family of proteins (rod proteins, hook protein, hook-filament junction proteins, flagellin, and filament-capping protein) have been analyzed from the point of view of recognition for export by the flagellum-specific pathway (4) . Sequence similarities among the proteins were seen, but it was realized that they were likely to be, at least in part, reflections of structural similarities among the rod, hook, and filament. The filament-capping protein, FliD, showed the least similarity to the rest of the family, probably because of its unique location at the tip. FlgD must now be included as a member of the family of exported proteins. The sequence of FlgD (16; accession number D25293) shows no significant similarity to that of FliD, despite their related functions, nor does it show similarity to the distal rod protein, FlgG or the hook protein, FlgE. This result reinforces the opinion expressed previously (4) that the signal for flagellum-specific export is not readily apparent from the primary structure and presumably derives from higher-order motifs.
